Abstract: This article presents a way of calibration of an unconventional two-current circuit, named 2J+2R, which consists of two current sources and two referential resistors connected to the circuit mass. This bridge was used to measure the beam deflection and the temperature increase simultaneously with the use of a pair of metal strain gauges. This paper contains theoretical and corrected (after calibration) processing characteristics of the measurement circuit. Calibration coefficients of both inputs, responsible for measurement of the measured values in the places where the strain gauges are attached, were calculated. Moreover, the standard combined and expanded uncertainties of both calibration coefficients were calculated and an uncertainty budget was made.
INTRODUCTION
This article contains a description of a circuit used to measure the increase of two physical quantities simultaneously, e.g. the increase of a cantilever beam deflection and the increase of temperature. A double-output system of a two-current bridge (2J+2R) was applied. The output voltages of this direct current bridge are functions of differences and sums of the resistance increases of two foil strain gauges attached to a cantilever beam. Such circuit can be an alternative for system solutions in the case when deflection and temperature need to be recorded in the same point of the measured element (Idzkowski et al., 2015; Cappa et al., 2001; Paker, 1993) . Also other solutions can be treated as differential measurement circuits, e.g. a classic double bridge (Pedersen et al., 2005) or an impedance unbalanced bridge (Musiol et al., 2010) .
All devices of this type need to be calibrated. The process of calibration can be conducted with the use of special equipment, e.g. additional resistors regulated in the bridge circuit (Surya et al., 2011) , or through a microprocessor circuit which corrects numerically the function dependence between the output signal and the measured quantity.
In this article, a programming way (using a microprocessor circuit) of calibration is described. The aim of the device is to record continuously the changes of the beam deflections caused by the micrometer screw in a certain temperature range. The values of deflection and temperature changes are calculated on the basis of the calibration coefficients during data recording and given online on the computer screen. In order to determine the corrected values of the deflection and temperature changes, the values of output voltages obtained during calibration of the measurement device (for min. and max. deflection at constant temperature) and the voltage values measured online are needed.
Converting the output voltages into the measured values demanded determining the uncertainty. Therefore, the analysis of standard uncertainties (Joint Committee of Guides in Metrology, 2008) of calibration coefficients for both measure values was carried out.
SENSORS AND A MEASUREMENT SYSTEM OF A DOUBLE-OUTPUT TRANSDUCER OF THE RESISTANCE AND VOLTAGE INCREASES OF SUM AND DIFFERENCE
In order to conduct research concerning an unconventional circuit for simultaneous measurement of two physical quantities, a set of two foil strain gauges TF-3/120 (TENMEX, 2016) was used. The strain gauges have a linear characteristics average relative resistance increase εW in the function of the small of the beam deflection X and its initial value Xmin
where: a d -coefficient of the characteristics slope (in the analyzed case, the free word bd, responsible for the offset error (bd = 0)), was rejected.
The relative temperature increase of resistance ε T for the strain gauges depends linearly on the difference of the temperature T and its minimum value Tmin (VISHAY Precision Group, 2007) ε T =α(T-T min ).
(2) Formula (2) contains the temperature coefficient of resistance α [1/°C] . It represents the sum of two components: thermal expansion of the strain gauge mesh material (constantan) and the difference of the thermal expansion coefficients of the strain gauges and the material of the surface. The difference is multiplied by the deflection sensitivity coefficient of the strain gauges (VISHAY Precision Group, 2007) .
The set of two strain gauges, mentioned above, was connected to an unconventional two-current bridge 2J+2R (Fig. 1 ) and a data acquisition mode (Fig. 2) . The worked out measurement system allows to determine directly the values of the difference ε 1 − ε 2 and the sum ε 1 + ε 2 of the resistance relative increases R1 and R2. The equations in the function of the output voltages, assuming that ε 1 +ε 2 ≪ 1, are presented below. ).
(5) It results from equations (3) and (4) that after attaching a strain gauge R1 on the upper and the strain gauge R2 on the lower surface of the beam, the voltage being the function of the beam deflection change can be obtained on one output of the system, and the voltage being function of the temperature change -on the opposite output.
CHARACTERISTICS OF THE STRAIN GAUGE DEFLECTION AND TEMPERATURE CHANGES IN THE FUNCTION OF THE 2J+2R BRIDGE OUTPUT VOLTAGES
Equations (1) and (2) were applied in formulas (3) and (4) 
where:
In the real circuit, the slope characteristics needs to be cor- 
∆T p =k 2 ∆T m .
The way of determining multipliers k1 and k2 is discussed in the following section.
COEFFICIENTS OF CALIBRATION AND VOLTAGE SENSITIVITY TO THE BEAM DEFLECTION AND TEMPERATURE INCREASES
After substituting (6) into (8) , the corrected value of the deflection change was obtained
The graphic interpretation of equation (10) is presented in Fig. 3 . unknown corrected values Xpmax, Xpmin were substituted by Xmin and Xmax reference values (Fig. 3) . As it is known, the slope coefficient (10) is also the tangent of the slope angle.
After taking c1 (as in (6)) into account, the coefficient of measurement calibration of deflection change at constant temperature was determined
The voltage sensitivity UABW for 1 mm of the beam deflection results from formula (10)
After substituting (7) into (9), similarly, the coefficient of measurement calibration of temperature change at constant beam deflection was obtained
where: Tmax and Tmin are reference values. The coefficient of voltage sensitivity to temperature change of 1 K equals
Experimental Determining of the Temperature and Beam Deflection Increases and the K1 And K2 Calibration Coefficients
The measured values ΔX m and ΔT m were determined on the basis of UABW, UABWmin, UDCW, UDCWmin, URJ1, URJ2 voltage records from the 2J+2R bridge circuit with the use of the lab Jack UE-9Pro data acquisition system, in the way presented in Fig. 2 . Two strain gauges attached on the upper and lower surfaces of the beam (as presented in Fig. 4 ) were included into the bridge circuit with the use of a screen wire. it is vital to know the minimum and maximum reference deflection and reference temperature. Therefore, a platinum Pt100 RTD (class A) was attached on the upper surface of the beam, next to the strain gauge. The RTD was connected to a Keithley 2000 multimeter. The set of the platinum Pt100 RTD with a multimeter was used to set the Tmin and Tmax temperature values, required to calibrate the bridge, precisely.
Fig. 4b. General view of the laboratory stand
The beam deflections were done with the use of a micrometer screw within the 〈0,10〉 mm range with the limiting error of ±0.01 mm. The mechanism deflecting the beam with attached strain gauges and the Pt100 sensor was placed in a heating chamber with a thermostat. This gave the experiment the temperature stability during the bridge calibration (in the range of ±1 °C). It is crucial that all positions of deflection on the micrometer screw are performed at a selected, constant temperature.
Before the experiment, the temperature coefficient value of resistance of the strain gauge attached to the beam was checked through measuring the resistance increases of the strain gauges at the temperature change from 22 °C to 62 °C. (TENMEX, 2016) . Due to the fact that the difference is insignificant, the value given by the manufacturer was taken in further calculations.
Connecting the temperature meter and the LabJack system to the computer with the use of the USB interface enabled simultaneous reading the voltage on the bridge and the adequate temperature in the chamber. The results recalculated with the use of a computer program (created in the LabVIEW environment) were recorded in a text file. The measurements were conducted at the following LabJack data acquisition system settings: 20 bits of the A/C transducer resolution, 5 μV voltage resolution of the measurement.
Comparison of the Beam Deflection Values and the Temperature Changes Resulted from the Measurement Equations Before and after Calibration. Metrological Estimation of the Results Differences
The measurement experiment aimed at comparing the values of deflection increases ΔX m (6) and the temperature increases ΔT m (7) obtained without calibration with the ΔX p (8) and ΔT p (9) values obtain as a result of calibration. Therefore, there was a necessity to determine the k1 and k2 calibration coefficients experimentally.
Tab In the case of the k2 coefficient it can be assumed that the X value, for which the calibration is carried out, is not important (the change in this case is only 0.05%). (6), and ΔXp -the corrected deflection change obtained from the equation (10) .
Moreover, the ΔXm=ΔXm-X and ΔXp=ΔXp-X differences were calculated for both temperatures. The ΔXp differences were related to the ΔX=Xmax-Xmin measurement range, calculating relative errors of the δp22 and δp62 determined deflection values.
Tab. 4.
The ΔXm values obtained on the basis of the measurement equation (6) This can be seen in Fig. 5 and 7 that, due to the temperature increase from Tmin to Tmax, the slope and lines shift coefficients change. However, the p1 slope coefficient of the corrected regression lines are far closer to the ideal value (the value of one) than those of the lines which have not been corrected (without m1). Fig. 6 and 8 show that, with very few exceptions, the |ΔXp -X | differences are smaller than |ΔXm -X | at almost whole range of changes 〈X min , X max 〉. Therefore, calibration has a positive influence on the measurement precision. The errors of the δpT determined deflection value related to the ΔX =X max -X min for both temperatures were assigned as: δp22 (Tmin=22 °C) and δp62 (Tmax=62 °C).
With some exceptions, the obtained |δp22| values were smaller in comparison with |δp62| values. This means that the calibration has better results in the lower temperature. The maximum relative error of the determined deflection value |δp62| equals 10.11%.
Tab. 6 contains the voltage coefficient of temperature sensitivity values (STU) calculated on the basis of (15) for different values of X. The fixed mean value of STU= -2496.9 μV/°C ≈-2.5 mV/°C was assumed within the range of X ∈ 〈0,10〉 mm.
Tab. 7 compares the temperature change values ΔTm (without calibration) and ΔTp (after calibration) obtained as a result of applying equations (7), (9), (14) at constant deflection X = 0 mm. Moreover, ΔTm=ΔTm-ΔT and ΔTp=ΔTp-ΔT for X=0 mm were calculated. The ΔTp differences in relation to the Tmax-Tmin measurement range were determined by calculating the relative errors of the determined temperature change value δ Tp . Also, linear regression functions ∆T m =m 3 ∆T+m 4 (for X = 0 mm) and ∆T p =p 3 ∆T+p 4 (for X = 0 mm).are presented (Fig.   9 ). Fig. 10 shows differences between the values calculated from equations (7) or (9) and the reference value ΔT. The maximum error value δ Tp (after calibration) was 1.71%.
Tab. 7.
Temperature increase values (ΔTm) obtained from (7) and ΔTp values determined on the basis of the calibration function (9) for Tmin=22 °C and Tmax=62 °C at fixed deflection X=0 mm. Tab. 7 and Fig. 9 , 10 clearly show that calibration increases significantly the precision of measurement.
THE ANALYSIS OF THE K1 AND K2 CALIBRATION COEFFICIENTS UNCERTAINTY
According to (7), the k1 Calibration coefficient was calculated. Discussing the k1 coefficient requires information concerning: the values of numerous quantities listed in Tab. 8 (in the first column), their uncertainties (three middle columns) and the assumed probability distribution (the last column). The measurement procedure for indirect measurements when the input quantities are not correlated was used.
The combined uncertainty was calculated from equation (16) 
 the squared combined uncertainty of current measurement J ̅ u c
 the squared combined uncertainty of voltage difference meas-
 the squared combined uncertainty of deflection difference measurement ΔX u c 2 (ΔX)=u 2 (X max )+u 2 (X min ).
Tab. 9 contains the product of sensitivity coefficients (in the second power) and the combined uncertainties (in the second power, calculated on the basis of equations (17 -19)). They are components (in the second power) of the combined uncertainty of the k1 coefficient. Calculating a component related to the resistance dispersion (R0) was conducted with the assumption that the limiting error equals δgrR0=±0.5% (estimated with the use of the exact differential).
The expanded uncertainty U(k 1 ) was calculated with the assumption that the expansion coefficient kp=2 and the confidence interval p=0.95
The complete result of the calculated k1 coefficient (at T=22°C) k 1 =1.202 ± 0.015 for kp=2 and p=95%. The relative combined uncertainty U w (k 1 ) equals
The limiting measurement error for the Pt100 sensor of class A equals ±(0.15+0.002·T). On this basis, the components of the k2 combined uncertainty coefficient were calculated with the use of equations similar to (16)-(19) , and presented in Tab. 10.
Tab. 8. Uncertainty budget of the k1 calibration coefficient: input quantities, their standard uncertainties and probability distribution The k2 coefficient was determined on the basis of the data from tab. 10, with consideration of the expanded uncertainty k 2 =0.662 ± 0.017 for kp=2 and p=95%.
The relative expanded uncertainty U w (k 2 ) equals
Relative uncertainty values of the expanded calibration coefficients are less than 5%.
CONCLUSIONS
An example of a direct current bridge (2J+2R) with two foil strain gauge sensors stuck on a cantilever beam application is described. The discussed circuit is a transducer of two quantities, i.e. the beam deflection change and the temperature change into two analogue DC voltages. The measurement equations (6) and (7) were applied for the tested circuit. After taking the described assumptions into account, the deflection and temperature changes are proportional towards the appropriate output voltage. The obtained results (Tab. 4 -column 2, Tab. 5 -column 2, Tab. 7 -column 3) required calibration. Calibration coefficients (k1 and k2) were calculated from equations (12) and (14) . The value and precision of determining those coefficients influence significantly the beam deflection and the temperature change obtained during measurements. It results from the values presented in Tab. 3 that determining the precise value of the k1 is more difficult because its values obtained at Tmin and Tmax are different of 8.05%. This probably results from the current drift of the supplies used to construct the bridge and its influence on the measured voltage UAB. In the case of the k2 coefficient the values determined for Tmin and Tmax differ only of 0.05%. For the purpose of calculations, the fixed voltage coefficient of temperature sensitivity STU (15) was assumed within the tested range of the beam deflection, i.e. STU ≈-2.5 mV/°C for ∈ 〈0,10〉 mm.
Equations (8) and (9) describe the values of the beam deflection and temperature change after calibration. The appropriate results are Included in Tab, 4 -column 3, Tab. 5 -column 3 and Tab. 7 -column 4.
Relative errors (Tab 4, 5 and 7 -the last columns), which are the differences between the set and calibrated (with the use of a micrometric screw and a thermal chamber) bridge values related to the measurement ranges of both quantities, were calculated. The maximum relative errors of the determined value of deflection equalled: |δp22|=5.24% (calibration conducted at 22 °C), |δp62|=10.11% (calibration conducted at 62 °C). The maximum relative error of the determined value of the temperature change equalled |δTp|=1.71% (calibration for X=0 mm).
Additionally, the combined standard uncertainties of the k1 and k2 calibration coefficients were determined. The so called "uncertainty budget" was formulated (Tab. 8 -10) . Satisfactory values of relative extended uncertainties U w (k 1 )=±1.25%, U w (k 2 )=±2.56% for the expansion coefficient kp=2 and the confidence level p=95% were obtained.
The presented experiments and calculations contribute to the development of alternative circuits applied to simultaneous measurement of a few physical quantities. They may be an interesting and valuable complement of well-known devices conditioning analogue signals (Kalita et (2008) . In solutions of this type, an additional temperature sensor, resistors or resistance temperature detectors circuits for compensating e.g. pressure piezoresistive silicon sensors of the X-ducer type, Motorola, are frequently applied (Swartz et al., 2004) .
